Functionalized arrays of silica nanochannels (ASNCs) were prepared by post-condensation of aminofunctional alkoxysilanes (NH-silanes). The method of post-condensation combines postsynthetic grafting and co-condensation -the classical pathways for the functionalization of mesoporous silica -to afford a convenient one-pot reaction in aqueous medium. The structure of the NH-silanes determines the distribution of the surface-bound groups in the ASNCs. Accumulation at the channel entrances was observed by confocal laser scanning microscopy in the case of sterically hindered NH-silanes, whereas smaller NH-silanes led to a more uniform distribution. In all cases, the channels remained accessible for additional postsynthetic treatment or introduction of guests after extraction of the structure-directing agent. Particle size and morphology, as well as pore size and degree of ordering of the aminofunctionalized ASNCs were comparable to pristine ASNCs.
Introduction
Ordered mesoporous silica has received increasing attention in the fields of catalysis, [1] [2] [3] sensors, 4 drug delivery, 5 and adsorption 6 due to the large variety of customization options in terms of pore size, pore system dimensionality, particle size, particle morphology, and surface functional groups.
The introduction of functional groups into a mesoporous silica framework is usually achieved by postsynthetic treatment (grafting) or by co-condensation. 7 Advantages and disadvantages of these methods have been studied extensively. Postsynthetic functionalization introduces the functional groups after the formation of the mesoporous silica particles. The particle size and shape are thus preserved.
While this method is not ideal for achieving uniform distributions of functional groups, distinctively nonuniform distributions, such as a selective functionalization of the external particle surface, are possible. [8] [9] [10] [11] [12] Co-condensation is the method of choice when a uniform distribution of the functional groups is desired. In co-condensation, functional groups are incorporated into the silica framework during the formation of the mesoporous structure, typically via the respective alkoxysilanes. Contrary to postsynthetic functionalization, which often uses an organic solvent for the functionalization step, cocondensation relies on functionalization in aqueous medium. The presence of functional alkoxysilanes in the reaction mixture can, however, affect the outcome of the synthesis in terms of particle size, particle morphology, and degree of ordering. [13] [14] [15] [16] [17] [18] [19] High levels of functionalization generally result in a loss of ordering and in increasingly broad pore size distributions.
Arrays of silica nanochannels (ASNCs) are a MCM-41 type material featuring well-defined hexagonal prismatic particles with the channel (pore) entrances located on the base surfaces, as schematically shown in Fig. 1 . 10, [20] [21] [22] [23] With this highly ordered structure, ASNCs can be considered as the mesoporous analogue to hexagonal zeolites such as zeolite L (LTL framework) [24] [25] [26] or AlPO 4 -5 (AFI framework). [27] [28] [29] Zeolites of this type have been used as host materials for the supramolecular organization of guest
molecules. 30 The respective host-guest composites can exhibit fascinating photonic properties, including efficient Förster resonance energy transfer (FRET), 31 lasing, 32 or second harmonic generation. The functionalization of ASNCs has so far only been achieved by postsynthetic treatment, 10, 22, 34 as the particle morphology is very sensitive to the conditions during the condensation of the silica framework.
The selective functionalization of the different surface regions of ASNCs ( Fig. 1 ) is challenging. The external surface (base and lateral surfaces) has been functionalized by a postsynthetic reaction with a sterically hindered amino-functional trialkoxysilane in a nonpolar solvent. 10 In order to allow for a one-pot reaction in aqueous medium, we have developed a method that combines postsynthetic treatment with co-condensation. In this so-called post-condensation pathway, the functional alkoxysilanes are introduced into the ASNCs formation process after stabilization of the particle morphology. Primary and secondary amino-functional alkoxysilanes (NH-silanes) were chosen as model substances, as they allow convenient coupling to fluorescent labels for imaging by confocal laser scanning microscopy (CLSM). To test the accessibility for pore surface functionalization, extracted FITC-labeled samples (100 mg) were dispersed in absolute ethanol (5 mL) and APTMS (2 µL) was added. After the mixture had been stirred for 10 min at room temperature, the solid was recovered by centrifugation and cured in an oven at 80 °C for 6 h. TR (1 mg) was added to the dried powder (50 mg) with subsequent stirring in absolute ethanol for 16 h at room temperature. After centrifugation, the sample was washed repeatedly with absolute ethanol until the washing solution became colorless.
Physical measurements. Nitrogen sorption isotherms were measured at 77 K with a Quantachrome
Autosorb iQ MP. Pore size distributions and pore diameters d DFT were calculated by non-local density functional theory (NLDFT, silica with cylindrical pores, ASiQwin, version 3.01). 35 Surface areas S BET were determined by multipoint BET. 36 Total pore volumes V tot were derived from the amount of adsorbed nitrogen at a relative pressure of p/p 0 = 0.95. Adsorption isotherms were used for all calculations.
Scanning electron microscopy (SEM) images were taken with a FEI Phenom Pro. CLSM was performed with an Olympus BX60 microscope equipped with a FluoView FV300 confocal unit and excitation at 488 or 543.5 nm. Powder X-ray diffraction (XRD) patterns were recorded on a STOE STADI P diffractometer with CuKα 1 radiation.
Results and discussion Morphology. The investigated amino-functional alkoxysilanes, in the following termed as NH-silanes, are shown in Fig. 2 . A conventional co-condensation approach with TEOS and NH-silanes under the synthesis conditions used for ASNCs led to the formation of agglomerated spheres and irregular particles (Fig. 3A) .
Under the strongly acidic conditions, the interactions of protonated silicate species (I + ), counterion (X -), and SDA (S + ) are perturbed by the protonated amines, leading to defects and the formation of an irregular particle morphology. This is in agreement with the previous observation that slight changes in the co-ion and counter-ion composition of the reaction mixture can have a significant effect on the morphology of the ASNCs. indicating that free SDA in the reaction mixture is available for establishing S + X -I + interactions. This observation led us to the concept of post-condensation, i.e., adding an alkoxysilane to the reaction mixture after formation of the ASNCs. particles that might subsequently condense with the ASNCs. As we have not observed the formation of small by-product particles even at NH-silane/TEOS ratios above 0.3, the first process seems to be predominant. the formation of the mesoporous silica framework under these conditions. 37 Recent studies on the factors influencing the aspect ratio of ASNCs point to the importance of end-on growth in the formation of ASNCs. 23 In the post-condensation of NH-silanes, we can therefore expect that end-on growth directs the NH-silanes towards the hexagonal base surfaces of the ASNCs.
Pore structure. In order to preserve the amino groups in the ASNCs, the SDA needs to be removed under mild conditions. For MCM-41 type materials, efficient removal of alkyltrimethylammonium SDAs has been achieved by extraction with an ethanolic solution of ammonium nitrate. 38 Experiments with pristine ASNCs revealed that applying this established procedure for the extraction of alkyltrimethylammonium SDAs led to a collapse of the ASNCs. As a consequence, a type I nitrogen adsorption isotherm and broad pore size distribution was obtained (Fig. 5, sample 3) . To increase the stability of the silica framework prior to extraction, as-synthesized samples were treated at 150 °C for 10 h. This thermal pretreatment yielded a material featuring the expected reversible type IVb isotherm 39 and a narrow pore size distribution centered at 3.9 nm (Fig. 5, sample 1) . The need for a thermal treatment before extraction is a consequence of the low temperature synthesis of ASNCs, which produces a silica framework with a low degree of cross-linking. A significant decrease of the pore size is therefore observed upon calcination (Fig. 5, sample 2 ).
Nitrogen sorption isotherms and pore size distributions of samples synthesized by post-condensation with NH-silanes are shown in Fig. 6 . The structural properties are summarized in Table 1 XRD patterns of the pristine ASNCs are shown in Fig. 7 . Representative patterns of the aminofunctionalized samples are summarized in Fig. 8 . All samples feature the typical (100), (110), and (200) reflexes of the 2D hexagonal space group p6mm. In agreement with the reduced pore diameter, calcination leads to a decreased repeat distance a 0 , indicating a contraction of the silica framework due to further condensation.
Thermal treatment of the pristine as-synthesized sample before extraction causes framework stabilization by condensation, which manifests itself in a slightly decreased repeat distance compared to the respective as-synthesized sample. This effect is also observed when comparing the as-synthesized and extracted amino-functionalized samples (Table 1) . Distribution of amino groups. The spatial distribution of the amino groups was determined by CLSM after FITC coupling (Fig. 9) . FITC coupling was conducted before (as-synthesized samples) or after Accessibility. The selective functionalization of the channel entrances is of interest for establishing concepts of controlled release, e.g. via the grafting of molecular gates. 41 Methods for the selective functionalization of channel entrances are only useful if the channels and thus the pore surface remain accessible. To test the accessibility of channel entrance functionalized samples, we have conducted FITC coupling, followed by postsynthetic functionalization with APTMS and labeling with Texas Red (TR). The corresponding CLSM images indicate that the TR labels have entered the nanochannels, despite the presence of the fluorescein labels at the entrances (Fig. 10 ).
An interesting effect was observed in the FITC/TR-labeled samples. For samples prepared with AEAPTMS, the TR labels are distributed rather uniformly throughout the material. This is best seen in the images B 
Conclusions
The combination of the established mesoporous silica functionalization pathways, namely postsynthetic functionalization and co-condensation, eliminates some of the drawbacks of these two methods.
Postsynthetic functionalization favours the most accessible sites on the external particle surface, whereas co-condensation is unable to selectively modify different surface regions.
The preparation of amino-functionalized ASNCs by post-condensation preserves the well-defined hexagonal prismatic particle morphology and narrow pore size distribution. The distribution of the amino groups in the ASNCs can be controlled by the type of amino-functional alkoxysilane. Molecules that are sterically hindered after hydrolysis in the low pH reaction mixture tend to accumulate at the channel entrances. Dual fluorescent labeling experiments and CLSM imaging revealed that the nanochannels of post-condensed ASNCs are accessible for further postsynthetic functionalization steps. This opens possibilities for the preparation of multifunctional mesoporous particles with defined functional group distributions. The selective functionalization of the channel entrances is expected to provide a starting point for introducing stimuli-responsive molecular gates 41 or for establishing a vertical orientation of ASNCs on a flat surface as well as specific particle-particle interactions, similar to what has been achieved for microporous materials such as zeolite L. [42] [43] [44] 
